Title of the Invention 

Transparent Oxide Electrode Film and Manufacturing Method thereof, 
Transparent Electroconductive Base Material, Solar Cell and Photo Detection 
Element 

Technical Field of the Invention 

The present invention relates to a transparent oxide electrode film with 
low resistance and high transmittance, and a transparent conductive base 
material, solar cell and photo detection element using this transparent oxide 
electrode film. 

Background of the Invention 

Transparent oxide electrode films have both high conductivity, and high 
transmittance of the visible light spectrum. Consequently, transparent oxide 
electrode films are used as the electrodes in solar cells, liquid crystal display 
elements, and various other photodetectors. In particular, transparent oxide 
electrode films formed using sputtering targets or ion plating tablets which can 
form transparent oxide electrode films with low resistance and high 
transmittance, can make sufficient use of solar energy, and are suitable for use 
in solar cells. 
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Widely used varieties of transparent oxide electrode films include tin 
oxide (SnOz) films doped with antimony or fluorine, zinc oxide (ZnO) films 
doped with aluminum or gallium, and indium oxide (ImOa) films doped with 
tin. Indium oxide films doped with tin, that is ImOarSn films, are referred to 
as ITO (Indium Tin Oxide) films, and are particularly widely used because of 
the ease of obtaining a low resistance film. 

Because these films arc transparent oxide electrode films which have 
high carrier electron concentration, and excellent reflection and absorption 
characteristics for near infrared wavelengths, they are also used as heat 
reflecting film for car window glass or building window glass, as a variety of 
antistatic coatings, and as transparent heating elements for defogging freezing 
display cases and the like. 

Frequently used methods for manufacturing the transparent oxide 
electrode films mentioned above include sputtering methods and evaporation 
methods, ion plating methods, and methods involving the application of a 
transparent conductive layer formation coating. In particular, sputtering 
methods and ion plating methods are effective when forming a film on a film 
deposition material (referred to simply as the "substrate" below) using a 
material with low vapor pressure, or when precise film thickness control is 
required, and are widely used because of their extreme ease of operation. 
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In a sputtering method, generally a film is formed by causing a glow 
discharge to occur between the substrate acting as the anode and a target 
acting as the cathode, under an argon gas pressure below approximately 10 Pa, 
to generate argon plasma, and then causing the positive argon ions within the 
plasma to strike the cathode target, thereby ejecting particles of the target 
component, and causing these particles to be deposited on the substrate. 

Sputtering methods are classified according to the method used to 
generate argon plasma, and those methods which use RF plasma are called RF 
sputtering methods, while those using direct current plasma are called DC 
sputtering methods. Furthermore, methods in which a film is deposited by 
providing a magnet behind the target and concentrating argon plasma directly 
onto the target, to raise the collision efficiency of the argon ions even under 
low pressure, are called magnetron sputtering methods. Normally, a DC 
magnetron sputtering method is used to manufacture the transparent oxide 
electrode films described above. Furthermore, sometimes plasma obtained by 
superposing radio frequency on a base direct current plasma is used. This is 
called RF superimposed DC sputtering, and enables the discharge voltage to 
be lowered. RF superimposed DC sputtering is often used when creating an 
oxide film using an oxide target. Because sputtering can be performed at a 
low discharge voltage, the bombardment of the film by oxygen ions produced 
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from the target can be minimized, and a good quality film can be obtained. 

Here, solar cells comprise p-type and n-type semiconductors in a layered 
structure, and are broadly classified according to the type of semiconductor. 
The most commonly used type of solar cell uses silicon, which is both safe, 
and abundant in terms of natural resources. There are three types of solar 
cells using silicon, those using single cell silicon, polysilicon and amorphous 
silicon. Furthermore, development is proceeding in the field of solar cells 
known as compound thin film solar cells, which use thin films of compound 
semiconductors such as CuInSe^ GaAs and CdTe and the like. Some 
examples are as disclosed in JP Patent Publication No. Tokukai Hei 5-218479, 
JP Patent Publication No. Tokukai Hei 9-55526 and JP Patent Publication No. 
Tokukai Hei 11-145493, and the like. Regardless of the type of solar cell it 
is essential that a transparent oxide electrode film be provided as an electrode 
on the side of the solar cell from which sunlight enters, and conventionally, an 
ITO film or a zinc oxide (ZnO) film doped with aluminum or gallium or the 
like has been used. 

The following is a detailed description of the compound thin film solar 
cells mentioned above. The structure of a solar cell which uses a compound 
thin film is that of a heterojunction of a compound semiconductor thin film 
with a wide band gap (an n-type semiconductor middle layer) and a 
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compound thin film with a narrow band gap (a p-type semiconductor light 
absorbing layer) . Normally, because of the scarcity of p-type semiconductor 
thin films with a wide enough band gap G> 2.4 eV) for use as the middle 
layer of a solar cell, and because of the longer minority carrier diffusion 
length for electrons, an n-type semiconductor is used as the middle layer and a 
p-iype semiconductor is used as the absorbing layer. The p-type 
semiconductors which can be used as the light absorbing layer include 
CuInSe2, CuInS2, CuGaSea, CuGaS* and solid solutions of these compounds, 
and CdTe. The conditions required to obtain higher energy conversion 
efficiency are an optimal optical design allowing a greater number of 
photoelectric currents to be obtained, and the creation of high quality 
heterojunctions and thin films where carrier recombination does not occur at 
the interface and specifically at the absorbing layer. Whether or not a high 
quality heterointerface is obtained depends largely on the combination of 
middle layer and absorbing layer, and useful heterojunctions are obtained with 
CdS/CdTe based, CdS/CuInSe2 based and CdS/Cu (in, Ga) Sea based layers 
and the like. Furthermore, the use of a semiconductor with a wider band gap 
such as CdZnS as the semiconductor thin film of the middle layer in an 
attempt to increase the efficiency of a solar cell has yielded an improvement 
in sensitivity to the short wavelength light in sunlight. In addition, a high 
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performance solar cell has been proposed which has high reproducibility due 
to the placement on the light incident side of a CdS or (Cd, Zn) S thin film, of 
a semiconductor with a larger band gap than that thin film, for example a ZnO 
or (Zn, Mg)0 thin film, as a widow layer. Conventionally, ITO films, and 
zinc oxide (ZnO) films doped with aluminum or gallium or the like are 
employed as the transparent oxide electrode film used as the electrode on the 
light incident side of the cell. 

The properties required of the transparent oxide electrode film used here 
are low resistance and high transmittance of sunlight. The spectrum of 
sunlight includes light ranging from 350 nm ultraviolet rays to 2500 nm 
infrared rays, and in order to effectively convert these forms of light energy 
into electrical energy, a transparent oxide electrode film is required which can 
transmit as wide a wavelength range as possible. 

The following is a detailed description of the photo detection element. 
It is necessary to detect weak light for the advancement of optical 
communication techniques, medical diagnostics and environmental 
instrumentations. The detection of weak light is also required in the field of 
the detection of bioluminescence, the photochemical analysis of microdose 
agent in blood and the like, in addition to the precise spectrum analysis and 
the astronomic observation. In the prior art, the detection of weak light has 
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been mainly used for the detection in and around the visible light region, 
however, its demand increases for the detection in the near-infrared-light 
region. Any of the light emission (wave length: 1.3/rni) of active oxygen, its 
movement in vivo being worthy of notice, the low-loss region of optical fiber 
(wavelength: 1.3 band or 1.55 band) and the safe region of laser 
wavelength to eyes (wavelength: at least 1.4 fim) is the near-infrared-light 
region, and a variety of photo detection elements for weak infrared light is 
developed vigorously. 

The wavelength used in the communication using optical fiber is in the 
infrared light region and the infrared light source of 1.3 [ato. band and 1.55 fixa. 
band is mainly used, and therefore photo detection elements of 
high-performance for infrared light are required to simultaneously detect the 
infrared light having such wave lengths. Generally, the photo detection 
element has a structure wherein the layer of photo detection materials is 
interposed between a pair of electrodes. As the layer of infrared photo 
detection materials, there are a type using Gc or InGeAs based semi-conductor 
materials, i.e. photodiode (PD) or avalanche photodiode (APD), the other type 
using materials wherein at least one element selected from the group of Eu, 
Ce, Mn and Cu, and at lease one element selected from the group of Sm, Bi 
and Pb are added to alkaline-earth metal sulfide or selenide as disclosed in JP 
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Patent Publication No. Tokukai Hei 5-102499. APD using the multi-layered 
structure amorphous sUicon-germanium and amorphous silicon is disclosed in 
JP Patent Publication No. Tokukai 2001-127336. A transparent electrode is 
used as an electrode on the light incident side of the photo detection element, 
and an ITO film has been used for it (e.g. JP Patent Publications Nos. Tokukai 
Hei 5-102499, Tokukai Hei 11-214737, Tokukai 2001-127336). 

Generally, when light enters a substance, part of the light is reflected, 
part of the remainder is absorbed into the substance, and the rest is transmitted 
through the substance. ImOs type and ZnO type transparent conductive 
materials are known as n-type semiconductors, in which carrier electrons are 
present, the movement of which contributes to electrical conduction. The 
carrier electrons in these transparent oxide electrode films reflect and absorb 
infrared rays. Increasing the carrier electron concentration in the film 
increases the reflection and absorption of infrared rays ("Transparent 
Conducting Film Technology", Japan Society for the Promotion of Science, 
Ohm Co. Pages 55 to 57). That is, an increase in the carrier electron 
concentration results in a decrease in the transmission of infrared rays. So as 
not to decrease the transmission of infrared rays whose wavelength is 1000 - 
1400 mm, the carrier electron concentration should be less than 5.5 x 10 20 cm", 
and preferably less than 4.0 x 10 30 cm . 
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Because the carrier electron concentrations of the conventionally used 
ITO films and zinc oxide (ZnO) films mentioned above are higher than 1 x 
10 ai era' 3 , they have low resistance, but they absorb and reflect infrared rays 
above 1000 nm, letting hardly any through. 

Furthermore, generally, the resistivity p of a substance depends on the 
product of the carrier electron concentration n and the carrier electron mobility 
fi (1/p = enpi where e is the elementary charge) . In order to improve the 
transmittance of infrared rays, there should be as few carrier electrons as 
possible, but in order to minimize the resistivity p, the carrier electron 
mobility p. must be large. 

The carrier electron mobility of low resistance oxide electrode films 
made from conventional materials is approximately 20 to 30 cm 1 / Vsec in the 
case of ITO film, for example. The carrier electron mobility in n-type 
semiconductors such as indium oxide GnaCh) based semiconductors is said to 
be governed mainly by ionized impurity scattering and neutral impurity 
scattering and the like (impurities included in ion form are called ionized 
impurities, and impurities included in a neutral form with excess oxygen 
adhered around the periphery are called neutral impurities) . If a large volume 
Of impure elements is added to increase the number of carrier electrons, the 
carrier electrons arc scattered, reducing the carrier electron mobility. 
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Even with materials such as ITO, it is possible to reduce the number of 
carrier electrons and improve the infrared ray transmittance by using 
deposition methods for reducing oxygen deficiency, in which an increased 
amount of oxygen is introduced during sputtering. However, the use of this 
method causes an increase in neutral impurities, and a reduction in carrier 
electron mobility occurs as a result, causing the electrical resistivity to rise. 

The use of indium oxide films doped with titanium as transparent oxide 
electrode films is long known in the art. For example, the oldest such 
instance is in the document (RCA Review, 1971 Volume 32, pages. 289 to 
296) written by J. L Vossen. This document centers on the properties of 
ITO films formed by RF sputtering, but also mentions an example of the 
manufacture of an InaOa with 20 mol% of TiOz added as impurities other than 
tin. However, the composition of this film differs markedly from the film 
composition of the present invention, and the electrical resistivity (resistivity) 
of the film is remarkably high at 7.5 x 10 l ficm. 

Furthermore, a method of manufacturing an indium oxide film 
containing titanium on a polyethylene terephthalate film by means of a 
sputtering method using an indium oxide target containing 5 mass % titanium 
oxide is disclosed in JGP Patent Publication No. Tokukai Sho 59-204625. 
However, because organic polymer materials like polyethylene terephthalate 
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melt when heated to over 70°C, specifically over the glass transition 
temperature, deposition by sputtering can only be performed at substrate 
temperatures less than 70°C, and the structure of films made under such 
conditions is either amorphous or amorphous with a partial crystalline phase. 
Although an assumption is made that if there are amorphous sections within 
the film then the carrier electron mobility for the film is low, this publication 
has no disclosure relating to carrier electron concentration, carrier electron 
mobility, and infrared ray transmittance. 

An indium oxide target containing titanium and the characteristics of a 
film created from this target using a sputtering method are disclosed in JP 
Patent Publication No. Tokukai Hei 9-209134. The object in this publication 
is to provide an oxide electrode film with high resistivity for use in touch 
panels, and in the examples are described oxide indium films containing 
titanium which have high resistivity, between 1.0 x 10' 3 and 9.4 x 10" 3 Qcm. 
Furthermore, the indium oxide film containing titanium which has the lowest 
resistivity of those in the comparative examples has resistivity of 0.6 x 10* 3 
Qcm. The resistivity for either case is quite high. 

There are several patent applications relating to film materials based on 
ITO to which titanium is added. However, these are clearly distinguishable 
from the film of the present invention in that they contain tin. In other words, 



11 



it is conventionally known that when tin is included in an indium oxide film, a 
large number of carrier electrons are released, and as such the carrier electrode 
concentration is high, allowing only films with low transraittance of the 
infrared light region to be obtained. For example, an indium oxide film 
containing titanium and tin for use in touch panels is disclosed in JP Patent 
Publication No. Tokukai Hei 9-161542. However, the resistivity as described 
in this publication is high at 9.6 x 10' 4 Qcm. 

Furthermore, a film of ITO or of indium oxide to which titanium is 
added is also disclosed in JP Patent Publication No. Tokukai Hei. 6-349338. 
However, because polyethylene terephthalate, a molded organic polymer, is 
used as the substrate, the use of sputter deposition methods which involve 
heating is problematic. If sputter deposition is performed at temperatures low 
enough to not cause organic polymers to melt (less than 70°C) , normally only 
a completely amorphous film structure or an amorphous structure including a 
partial crystal phase can be obtained, which is clearly different from a 
crystalline film. Furthermore, the sheet resistance and the film thickness are 
disclosed, but the resistivity calculated from these values (resistivity = sheet 
resistance x film thickness) is a high value. 

An ITO sintered body target (10 mass% SnOz) to which 50 to 500 ppm 
of Ti is added in order to raise the density of the sintered body is described in 
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JP Patent Publication No. Tokukai Hei. 7-54132, and also described therein is 
an oxide electrode film with low resistance of berween 1.7 x 10^ Qcm and 2,9 
x 10" 4 £2cm manufactured by performing sputtering using this target while 
heating the substrate to between 100 and 300°C. However, there is no 
disclosure referring to the carrier electron concentration, carrier electron 
mobility or infrared light transminance of this film, but an assumption can be 
made that because an ITO based material is used, most of the added elements 
which contribute to carrier electron production are tin, and ihe carrier electron 
concentration is high in line with conventional ITO, and consequently the 
infrared light transmittance is low. 

On the other hand, the inventors of the present invention have proposed 
an indium oxide material containing tungsten as an indium oxide based 
transparent oxide electrode film with high transmittance of infrared light, in 
Japanese Patent Application No. 2002-200534. In this application, a case is 
disclosed in which an transparent oxide electrode with high infrared light 
transmittance and low resistance is manufactured with the substrate 
temperature between 200°C and 300°C. It is shown that when the transparent 
oxide electrode film as disclosed in this application is deposited at low 
temperatures, for example 100°C or 150°C, the resistivity is increased. In the 
manufacture of transparent oxide electrode film by means of a sputtering 
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method, because a shortening of the heating time and a reduction in the 
electric power used to heat the substrate can be realized by using lower 
substrate temperatures, there remains problems with this invention in terms of 
manufacturing costs and productivity. 

However, a low resistance indium oxide containing both titanium and 
tungsten has not been reported to date. 

Although the ITO films and zinc oxide (ZnO) films described above 
have low resistance and high transmittance in the visible light region, their 
transmittance in the infrared light region is low, and the solar cells using these 
films as an electrode on the light incident side is not sufficient to use the solar 
energy in the infrared light region. Moreover, the same phenpmenon can be 
said on the photo detection elements, and the rate of the infrared light entering 
in the layer of photo detection materials is low and the sensibility conscqently 
becomes wrong in the conventional photo detection elements in which the ITO 
films and zinc oxide (ZnO) films described above are used as an electrode on 
the light incident side. Because the reflection and absorption of infrared light 
by a transparent oxide electrode film increases the higher the carrier electron 
concentration becomes, it is thought that the reason for the low transmittance 
of the infrared spectrum of these ITO films and zinc oxide (ZnO) films is 
that as the converse effect of the low resistance, the carrier electron 



14 



concentration is high. 

Summary of the Invention 

An object of the present invention is to provide a transparent oxide 
electrode film to solve the above problems, which has excellent transmittance 
not only in the visible light region but also in the infrared light region, and 
low resistance. 

Furthermore, it is another object of the present invention is to use the 
transparent oxide electrode film according to the present invention in a solar 
cell, so that highly efficient use of the solar energy in the infrared light region, 
which was not possible conventionally, becomes possible. 

Moreover, it is another object of the present invention is to use the 
transparent oxide electrode film according to the present invention as an 
electrode on the light incident side in a photo detection element, so that the 
infrared light can be carried into the layer of photo detection materials without 
damping within the entrance electrode which the role as electrode is achieved, 
and therefore a photo detection element available to detect weaker infrared 
light in comparison with in the prior art can be realized. 
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Brief Description of the Drawings 

Fig. 1 is a graph showing an X-ray diffraction pattern of a transparent 
oxide electrode film according to example 5. 

Fig. 2 is a graph showing the wavelength dependency of the 
transmittance when the transparent oxide electrode film according to example 
5 is formed on a glass substrate. 

Fig. 3 is a graph showing the wavelength dependency of the 
transmittance when the transparent oxide electrode film according to example 
17 is formed on a glass substrate. 

Fig. 4 is a graph showing the wavelength dependencies of the 
transmittance when the transparent oxide electrode films according to 
comparative examples 1 to 3 are formed on glass substrates. 

Fig. 5 is a graph showing the wavelength dependency of the 
transmittance when the transparent oxide electrode film according to 
comparative example 4 is formed on a glass substrate. 

Fig. 6 is an explanatory diagram showing the general structure of a solar 
cell as an example of an application of the transparent oxide electrode film of 
the present invention. 

Fig. 7 is an explanatory diagram showing the general structure of the 
solar cells according to examples 47 to 49 to which the transparent oxide 
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electrode film of the present invention is applied. 

Fig. 8 is an explanatory diagram showing the general structure of the 
solar cells according to examples 50 to 52 to which the transparent oxide 
electrode film of the present invention is applied. 

Fig. 9 is an explanatory diagram showing the general structure of the 
phoio detection elements according to example 53 to which the transparent 
oxide electrode film of the present invention is applied. 

Preferred Embodiments of the Invention 

In order to achieve the above objects, a transparent oxide electrode film 
according to the present invention has the following structure. 

Specifically, a transparent oxide electrode film according to a first 
aspect of the present invention has as its main component indium oxide 
containing titanium, the indium oxide is crystalline, indium in the indium 
oxide is substituted with titanium at a titanium/indium atomic ratio of 0.003 to 
0.120, and a resistivity of the transparent oxide electrode film is 5.7 x 10^ 
Qcm or less. 

It is desirable that tin element, an impurity, is substantially not 
contained in the indium oxide because a large amount of carrier elections is 
inclined to be produced by the existance of the tin element. 
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More preferably, the titanium/indium atomic ratio is between 0.003 and 
0.050, and the resistivity of the transparent oxide electrode film is 4.0 x 10" 1 
Qcm or less 

A transparent oxide electrode according to a second aspect of the 
present invention has as its main component indium oxide containing titanium 
and tungsten, the indium oxide is crystalline, and indium in the indium oxide 
is substituted with titanium and tungsten at a ratio which when the 
titanium/indium atomic ratio is deemed x and the tungsten/indium atomic ratio 
is deemed y, satisfies an equation (l) , 

0.019 - 1.90x * y * 0.034 - 0.28x (l) 
and the resistivity is 5.7 x 10" 4 Qcm or less 

It is desirable that tin element, an impurity, is substantially not 
contained in the indium oxide because a large amount of carrier elections is 
inclined to be produced by the existance of the tin element. 

More preferably, when the titanium/indium atomic ratio is deemed x and 
the tungsten/indium atomic ratio is deemed y, the ratio satisfies an equation 
(2), 

0.019 - 1.27x s y s 0.034 - 0.68x (2) 
and the resistivity is 3.8 x 10' 4 Qcm or less. 

Preferably in the transparent oxide electrode film of the present 
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invention, an average light transmittance for wavelengths between 1000 nm 
and 1400 nm is greater than 60%. 

Preferably in the transparent oxide electrode film of the present 
invention, the carrier electron concentration given by Hall effect measurement 
is 5.5 x 10*° cm" 5 or less, more preferably 4.0 x 10 30 cm" 3 or less. Preferably 
in the transparent oxide electrode film of the present invention, the carrier 
electron mobility given by Hall effect measurement is 40 cmVVsec or greater, 
further preferably 60 cmVVsec or greater, and more preferably 70 cm'/Vsec or 
greater. 

Furthermore, preferably the transparent oxide electrode film of the 
present invention is deposited by a sputtering method using either a sputtering 
target manufactured from an oxide sintered body for which the constituent 
elements are substantially indium, titanium and oxygen, or a sputtering target 
manufactured from an oxide sintered body for which the constituent elements 
are substantially indium, titanium, tungsten and oxygen, at a substrate 
temperature of 100°C or higher, using a mixed gas of argon and oxygen 
containing at least 0.25% oxygen as the sputtering gas. 

Furthermore, in a transparent electroconductivc base material of ihe 
present invention, the aforementioned transparent oxide electrode film is 
formed on a transparent substrate. 
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It is desirable that the average light transmittance in the wave length 
range from 1000 mm to 1400 mm is at least 60%, and the surface resistance is 
up to 30 Q/D. 

The present inveniion provides a highly efficient solar cell using the 
transparent oxide electrode film which has low resistance and excellent 
transmittance not only in the visible region but also in the infrared light region. 
The term solar cell as used here includes silicon solar cells using single 
crystal silicon, polysilicon and amorphous silicon, solar cells using compound 
semiconductors such as CuInSe 2 , Cu(Ga, In)Sei, GaAs and CdTe, and 
dye-sensitization solar cells, but is not limited thereto. 

The present invention provide a photo detection element for both visible 
light and infrared light using the transparent oxide electrode film which has 
low resistance and excellent transmittance in the infrared light region. That is 
a photo detection element comprising a pair of electrodes and a layer of photo 
detection materials interposed between the said electrodes, wherein the 
transparent oxide electrode film of this invention is used as at least one of the 
said electrodes. 

Embodiments of the present invention are further detailed. 

The transparent oxide electrode film of the present invention can be 
deposited by a sputtering method or an ion plating method. In other words, 
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in a sputtering method, using an indium oxide sintered body containing 
titanium as the sputtering target which provides the raw material, a substrate 
and the target are placed in a sputtering system, the substrate is heated to a 
predetermined temperature under an argon inert gas atmosphere containing 
oxygen gas, and by generating plasma between the substrate and the target by 
applying an electric field between the substrate and the target, a transparent 
oxide electrode film in which part of the indium in the indium oxide is 
substituted with titanium is formed on the substrate. 

On the other hand, in an ion plating method, using an indium oxide 
sintered tablet containing titanium as the ion plating tablet which provides the 
raw material, a substrate and the tablet are placed in a copper hearth in an ion 
plating system, the substrate is heated to a predetermined temperature under an 
argon inert gas atmosphere including oxygen gas, and by causing the tablet to 
evaporate from the copper hearth using an electron gun and generating plasma 
in the vicinity of the substrate, the tablet vapor is ionized, and a transparent 
oxide electrode film in which part of the indium in the indium oxide is 
substituted with titanium is formed on the substrate. 

Moreover, it is possible to change the amount of titanium contained in 
the film by changing the amount of titanium contained in the target or the 
tablet. The structure and the crystallinity of the transparent oxide electrode 
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film manufactured at this time depend on such conditions as the amount of 
titanium contained in the film, the substrate heating temperature, the oxygen 
partial pressure in the inert gas atmosphere, and the deposition speed. 

In order to manufacture the crystalline transparent oxide electrode film 
of the present invention, it is necessary to heat the substrate temperature 
(between 100°C and 350°C, for example) . 

Furthermore, it is possible to obtain a crystalline transparent oxide 
electrode film with indium oxide as its main component, in which part of the 
indium in the indium oxide is substituted with titanium and tungsten, by using 
the same sputtering method as above with an indium oxide sintered body 
target containing titanium and tungsten. This method is only one example, 
but a crystalline transparent oxide electrode film having indium oxide as its 
main component and containing titanium and/or tungsten, that is the 
transparent oxide electrode film of the present invention, can be obtained in 
this manner. 

The inventors of the present invention formed transparent oxide 
electrode films with various compositions using a sputtering method or ion 
plating method based on the methods above, and investigated the composition, 
structure, electrical characteristics and optical characteristic of each. 

As a result, it was discovered that by manufacturing either a crystalline 
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transparent oxide electrode film with indium oxide as its main component in 
which the indium in the indium oxide is substituted with titanium at a 
titanium/indium atomic ratio between 0.003 and 0.120, or a crystalline 
transparent oxide electrode film with indium oxide as its main component in 
which the indium in the indium oxide is substituted with titanium and tungsten 
at a ratio which satisfies the formula 0.019 - 1.90x ^ y ^ 0.034 - 0.28x where 
x is the titanium/indium atomic ratio and y is the tungsten/indium atomic ratio, 
it is possible to realize a carrier electron concentration of 5.5 x lO^cm" 3 or less, 
which is lower than for conventional ITO films, and a low electrical resistivity 
between 1.9 x 10 -1 Qcm and 5.8 x 10" 4 Qcm. 

More preferably, by manufacturing either a crystalline transparent oxide 
electrode film with indium oxide as its main component in which the indium 
in the indium oxide is substituted with titanium at a titanium/indium atomic 
ratio of 0.003 to 0.50, or a crystalline transparent oxide electrode film with 
indium oxide as its main component in which the indium in the indium oxide 
is substituted with titanium and tungsten at a ratio which satisfies the formula 
0.019 - 1.27x 0.034 - 0.68x where x is the titanium/indium atomic ratio 

and y is the tungsten/indium atomic ratio, a carrier electron concentration of 
5.5 x lO^cm" 3 or less, which is lower than for conventional ITO films, and a 
low electrical resistivity between 1.9 x 10"" Qcm and 4.0 x 10" 4 Qcm can be 
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realized. 

It is apparent that because the carrier electron concentrations of these 
films is low at 5.5 x 10 a W or less and preferably 4.0 x lffcm" 3 or less, they 
have high infrared light transmittance, with average light transmittancc for the 
1000 to 1400 nm wavelength range at 60%, and that due to their high carrier 
electron mobility these films have low resistance, and therefore a transparent 
oxide film is obtained with characteristics not found with conventional 
materials. 

Because a film with the above characteristics has extremely high 
transmittance in the infrared light region and low resistance, it is useful as a 
transparent electrode for a solar cell. 

As described above, I112O3 based and ZnO based transparent conductive 
materials are known as n-type semiconductors, in which carrier electrons are 
present, the movement of which contributes to electrical conduction. The 
carrier electrons in these transparent oxide electrode films reflect and absorb 
infrared rays. In other words, an increase in the carrier electron concentration 
results in a decrease in the transmission of infrared rays. So as not to 
decrease the transmission of infrared rays, a carrier electron concentration of 
5.5 x 10 M cm" 3 or less, and more preferably 4.0 x 10 20 cm" 3 or less is required. 

Because the carrier electron concentration of the transparent oxide 
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electrode film of the present invention is low at 5.5x lO^cm'or less, as 
opposed to the carrier electron concentrations which are lx 10 2l cm 3 or greater 
offered by conventional low resistance ITO films and zinc oxide (ZnO) films 
doped with aluminum or gallium, it has good transmission of infrared rays, 
and infrared rays greater than 1000 nm pass through the film without being 
absorbed or reflected by the film- 
Furthermore, even though the carrier electron concentration of the oxide 
electrode film of the present invention is lower than that of conventional oxide 
electrode films, the carrier electron mobility is 40 cmVVsec or greater, and 
under some manufacturing conditions, films with carrier electron mobility of 
60 cm 2 /Vsec and 70 cmVVsec or greater can be realized, which is extremely 
high when compared to that in conventional low resistance oxide electrode 
films (approximately 20 to 30 cmVVsec for an ITO film, for example) , and 
consequently the electrical resistivity is equally as low as conventional low 
resistance oxide electrode films. Accordingly, the transparent oxide electrode 
film of the present invention is a material which shows high carrier electron 
mobility with a low carrier electron concentration, and therefore realizes high 
transmittance of infrared light in addition to visible light, and high electric 
conductivity. 

The composition of the Im0 3 film doped with 20 mol% of TiCh as 
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described in the document written by J. L Vossen (RCA Review, 1971 
Volume 32, p. 289 to 296) differs significantly from the composition of the 
present invention, and the electrical resistivity of this film is extremely high at 
7.5 x 10 1 ficm, which differs clearly from the electrical resistivity of the film 
of the present invention. 

Furthermore, the film formed on an organic polymer material with 
inferior heat resistance such as polyethylene terephthalatc (glass transition 
temperature: about 70 °C) in JP Patent Publication No. Tokukai Sho 
59-204625 differs clearly from the completely crystalline film formed using a 
sputtering method while heating the substrate to a temperature of 100 °C or 
greater, as in the present invention. 

In addition, the resistivity of the film in JP Patent Publication No. 
Tokukai Hei 9-209134 is high at between 1.0 x 10"* Qcm and 9.4 x 10" Qcm, 
and the resistivity of a comparative example therein is 0.6 x 10 s Qcm, but 
both of these values are higher than the resistivity of the film of the present 
invention. 

In addition, the resistivity of the indium oxide film in JP Patent 
Publication No. Tokukai Hei 9-161542 is high at greater than 9.6 x lO^ 
clearly differing from the film with resistivity lower than 5.7 x 10" 4 of the 
present invention. 
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In addition, because the film in JP Patent Publication No. Tokukai Hei 
6-349338 uses an organic polymer mold of polyethylene terephthalate with 
inferior heat resistance as the substrate, it clearly differs from the crystal film 
of the present invention. Furthermore, the resistivity calculated from the sheet 
resistance and film thickness of the film (resistivity = sheet resistance x film 
thickness) is clearly higher than that of the present invention. 

In addition, the oxide electrode film disclosed in JP Patent Publication 
No. Tokukai Hci 7-54132 which has low resistance between 1.7 x lCT* Qcm 
and 2.9 x 10" Bern is an ITO based material, where with the added elements, 
what contributies to carrier electron production is mainly tin, and as such an 
assumption can be made that this film has low transmittance for infrared light, 
and therefore has clearly different characteristics from the film of the present 
invention. 

In addition, regarding the transparent oxide electrode film in Japanese 
Patent Application No. 2002-200534, if the film is deposited at a low 
temperature, for example 150°C, a film with good crystallinity cannot be 
obtained, and the resulting film has high resistivity. On the other hand, the 
transparent oxide electrode film according to the present invention enables a 
film with good crystallinity to be manufactured even when the substrate 
heating temperature during sputtering is set to a low temperature such as 
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100°C or 150°C, allowing a film with low resistivity to be obtained. In the 
manufacture of an transparent oxide electrode film by a sputtering method, 
because a shortening of the heating time and a reduction in the electric power 
used to heat the substrate can be realized by using lower substrate 
temperatures, manufacturing costs can be reduced and productivity can be 
increased. Consequently, the transparent oxide electrode film of the present 
invention is extremely useful industrially. 

As mentioned above, a transparent oxide electrode film with high 
transmittance in both the visible light region and the infrared light region, and 
low resistance of 5.8 x 10 4 Qcra or less, can be realized easily by having the 
indium oxide contain either titanium or titanium and tungsten within the 
composition range specified for the present invention, but this is difficult to 
achieve only by the composition range, and the film needs to be manufactured 
by deposition under suitable sputtering conditions. Specifically, it is essential 
that the oxygen content of the deposition gas during sputtering deposition, the 
gas pressure, and the substrate temperature be optimal. 

For example, it is preferable that the distance between the target and the 
substrate is between 50 mm and 80 mm, and that the oxygen content of the 
deposition gas is between 0.25% and 4% of the argon gas volume. 
Furthermore, the deposition gas pressure is preferably between 0.3 Pa and 1.0 
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Pa. If the oxygen content of the deposition gas is less than 0.25%, there is a 
high degree of oxygen deficiency of the indium oxide phase, which results in 
the overproduction of carrier electrons, and therefore only a film with low 
transmittance of the infrared spectrum can be obtained. Furthermore, if the 
oxygen content is greater than 4%, excess oxygen is introduced around the 
periphery of the impure elements of titanium or tungsten in the indium oxide, 
causing the amount of neutral impurities to increase, and thereby reducing the 
carrier electron mobility, making it no longer possible to obtain a low 
resistance film as in the present invention. 

The deposition gas pressure affects the kinetic energy of the sputtered 
particles which reach the substrate during sputtering. If the deposition gas 
pressure is lower than 0.3 Pa, then the kinetic energy of the sputtered particles 
is too high, causing re-sputtering of the film by these sputter particles, and 
giving the film an uneven surface. Furthermore, if the deposition gas pressure 
is higher than 1.0 Pa, the kinetic energy of the sputtered particles is too low, 
and the sputtered particles which reach the substrate do not migrate onto the 
substrate, resulting in a rough film with low density. Such a film has high 
grain boundary scattering of carrier electrons, and therefore high resistance. 
Accordingly, it is necessary to perform sputtering deposition at a deposition 
gas pressure which is preferably between 0.3 Pa and 1.0 Pa. 



29 



It is necessary for the substrate temperature to be between 100°C and 
350°C, as described above. By heating the substrate to between 100°C and 
350°C during the sputtering process, it is possible to produce a completely 
crystalline film, in which cither titanium or titanium and tungsten is 
substituted partially for the indium in the indium oxide and made into a solid 
solution, thereby obtaining a film with high carrier electron mobility and low 
resistivity. If the substrate temperature is below 100°C, the resulting film is 
partially amorphous, and a completely crystalline film cannot be obtained, and 
the titanium or the titanium and tungsten do not form a solid solution in the 
indium oxide, and a low resistance film with high carrier electron mobility as 
in the present invention is not obtained. Furthermore, it is possible to 
manufacture the transparent oxide electrode film of the present invention even 
at temperatures exceeding 350° C, but since more time is required for heating, 
this is not practical. 

The present invention is described in further detail below using 
examples. 

Examples 

Manufacturing a transparent oxide electrode film 
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Examples 1 to 12 

After mixing predetermined amounts of In»Os powder and TiOz powder 
at a variety of ratios, and shaping the resulting mixture, heating and sintering 
was performed to manufacture indium oxide sintered bodies containing 
titanium. Indium oxide thin films containing titanium were then manufactured 
from indium oxide sintered body targets with varying titanium content, using a 
sputtering method. In other words, these sintered bodies were processed to 6 
inches (J) x 5 mm thickness in size, and affixed using an indium alloy to a 
backing plate made of oxygen-free copper to produce a sputtering target. 

The above sputtering target was attached to a non-magnetic target 
cathode in a DC magnetron sputtering system, and a silica glass substrate with 
a thickness of 1 mm was attached to the opposite side of the target. The 
distance between the target and the substrate was set to between 50 mm and 
80 mm, and at the point when the degree of vacuum within the chamber fell 
below 1 x 10^ Pa, 99.9999 mass % pure argon gas was introduced into the 
chamber to obtain a gas pressure of 0.3 Pa to 0.8 Pa, between 0.25% and 4% 
oxygen was introduced into the deposition gas, and 350 W of DC power was 
applied between the target and the substrate, thereby generating a DC plasma 
and performing sputtering, and with the substrate heated to between 200 °C 
and 350 °C, a transparent oxide electrode film with a film thickness of 
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between 200 nm and 400 nra was formed. 

Quantitative analysis of the composition of the thus obtained transparent 
oxide electrode film was performed by means of ICP emission spectrometry 
and an EPMA. The crystallinity of the film was examined by X-ray 
diffraction measurement with CuK a radiation. Furthermore, the resistivity, 
the carrier electron concentration and the carrier electron mobility of each of 
the transparent oxide semiconductors was determined by Hall effect 
measurement based on the Van der Pauw method (as disclosed in the 
document Physics-Engineering Experiments, Semiconductor Technology (first 
volume) , Katsufusa Shono, University of Tokyo Press, p. 105, for example) 
using a Hall effect measurement system (manufactured by TOYO 
Corporation). In addition, the light transmittance was measured with the 
substrate included using a spectrophotometer (manufactured by Hitachi, Ltd.) . 

The average light transmittance of the glass substrate itself as used in 
examples 1 to 12 of the present invention for the visible light wavelength 
region was 92%. The light transmittance of the film itself was estimated. 

The deposition conditions of the transparent oxide electrode films, and 
the results of measuring the composition, the resistivity and the carrier 
electron mobility of the transparent oxide electrode films are shown together 
in Table 1. 
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Table 1 





TeraDerature 


of DpnfKi- 
tion Gas 

(%) 


Film 

Atomic 
Ratio 


Resistivity 


Carrier 
Electron 

ration 
(cm" ) 


Carrier 
Electron 
ivioouiry 
(cm 2 / 

Vscc) 


Ex-1 


200 


1.0 


0.003 


3.5 X 10* 


1.9 X I0 i0 


94 


Ex-2 


250 


1.0 


0.006 


4.0 X 10"* 


2.0 X Kf° 


78 


Ex-3 


300 


1.0 


0.010 


3.9 X 10"" 


2.4 X 10 20 


67 


Ex-4 


250 


1.0 


0.015 


2.5 X 10-* 


3.4 X 10 20 


74 


Ex-5 


200 


1.0 


0.018 


2.3 X 10^ 


3.2 X 10 20 


85 


Ex-6 


200 


1.0 


0.019 


1.9 X iff 4 


3.8 X 10 20 


86 


Ex-7 


200 


0.5 


0.028 


2.6 X lQ" 4 


4.5 X 10 20 


53 


Ex-8 


250 


1.5 


0.044 


2.3 x iff 4 


3.8 X lO 20 


72 


Ex-9 


200 


5.0 


0.050 


3.5 x lQ* 


4.1 X 10* 


44 


Ex-10 


200 


0.5 


0.061 


2.8 X 10* 


5.5 X 10 2D 


41 


Ex~ll 


200 


1.0 


0.092 


5.7 X 10* 


2.1 X io 20 


52 


Ex-12 


350 


1.2 


0.119 


3.8 X iff 4 


3.5 X IO 20 


47 



(Ex=Example) 



Electrical Characteristics 

It is apparent from Table 1 that transparent oxide electrode films based 
on indium oxide and containing titanium at a Ti/In atomic ratio of between 
0.003 and 0.120 according to the present invention had a low carrier electron 
concentration of 5.5 x lO'W 2 or less, and had extremely low electrical 
resistivity of 5.7 x 10" 4 Qcm or less. The carrier electron mobility of most of 
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the films was high at above 41 cmVVsec, and it can therefore be said that low 
electrical resistivity was realized. 

Furthermore, transparent oxide electrode films based on indium oxide 
and containing titanium at a Ti/In atomic ratio of 0.003 to 0,050 according to 
the present invention (examples 1 through 9) had a low carrier electron 
concentration at 4.5 x 10 2D cm 3 or less, and had low electrical resistivity of at 
least 1.9 x 10^ Qcm and less than 4.0 x 10" 4 Qcra. 

Crystallinity 

It was apparent based on X-ray diffraction measurement that each of the 
transparent oxide electrode films of examples 1 through 12 had good 
crystallinity. The X-ray diffraction pattern of example 6 is shown in FIG. 1. 
Examples 1 through 5 and 7 through 12 also showed a strong diffraction 
peak corresponding with the crystal structure of indium oxide in the manner of 
FIG. 1, indicating that the films had the indium oxide bixbyte structure, which 
has good crystallinity, and because no peaks caused by crystal phases other 
than the indium oxide phase were observed, it was reasoned that the titanium 
had been substituted for the indium in the indium oxide, and had formed a 
solid solution. 
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Light Transmittance 

Furthermore, the light transmission characteristics of the transparent 
oxide electrode film according to example 6 are shown in FIG. 2 7 and show 
extremely high light transminance for the infrared light region in addition to 
the visible light region. The average light transmittance of the film itself for 
1000 to 1400 nm wavelengths was 88%. This trend was common to the 
transparent oxide electrode films according to examples 1 through 5 and 
examples 7 through 12, which each had very high light transmittance for the 
infrared light region in addition to the visible light region. The average light 
transmittance of the films themselves for 1000 to 1400 nm wavelengths was 
greater than 72% in every case. 

Moreover, by forming the transparent oxide electrode film according to 
Examples 1 to 12 of the present invention on a transparent or glass substrate, 
and by optimizing the film thickness and substrate material, an excellent 
transparent electroconductive base material is realized wherein the surface 
resistance is up to 30 Q/U and the average light transmittance is at least 70% 
in the wave length range from 1000 nm to 1400 nm. 

Accordingly, if such transparent oxide electrode films are used as the 
surface transparent electrode film (2) on the light receiving side and/or the 
transparent electrode film (6) behind the p-n junction in a solar cell like that 
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shown in FIG. 6, for example, solar energy in the infrared light region can be 
converted effectively to electrical energy. 

Examples 13 to 37 

Indium oxide sintered bodies containing both titanium and tungsten 
were obtained under the same conditions as examples 1 through 12 using 
ImOs powder and TiO* powder and WOs powder as the raw materials. These 
sintered bodies were processed to 6 inches (J> x 5 mm thickness in size, and 
affixed using an indium alloy to a backing plate made of oxygen-free copper 
to produce a sputtering target. Transparent oxide electrode films were formed 
on the glass substrate using the same methods as examples 1 through 12, and 
their characteristics were evaluated by the same processes. The results arc 
shown in Table 2. 
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Table 2 





Substrate 


Ch 


Film 


Film 


Resistivity 


Carrier 


Carrier 




Temperature 


Content 


Ti/In 


W/In 


(Q cm) 


Electron 


Electron 




C a, — . v 


of 


Atomic 


Atomic 




Concent- 


Mobility 
(cm/ 






Deposition 


Ratio 


Ratio 




ration 














vein ) 


Vsec) 


Ex- 13 




1 5 


O 009 


0 01 Q 


3.Z iu 


A A V 1 A 5 ° 

z,y IU 


0/ 


Fv 14 


950 




n nm 


n noo 


3.7 X 1U 


1 A V 1 A 20 

3.4 x 10 


C A 

50 


F*-1<? 


3 so 


9 n 




o noi 
U.UZ3 


^ o v in" 4 


9 T v in 20 
Z.Z IU 


73 


Fv-1ri 


9 no 


i n 

-L.U 


U.U1Z 


a aac 


1 O V 1 A^ 


C C "V 1 A 20 


60 


Py.1 7 

JCa w JL / 


9^n 

Z3U 




U.U1Z 


A A1 C 

U.U1 j 


O O V 1 A** 

Z.Z A 10 


/in v in 20 
4.1 X 10 


^ A 

69 


Rx-1 8 

■iwA" ID 




O 5 


n oi a* 


A CYIO 
u-UZZ 


O 1 V" 1 A" 4 


a fi v m a 


oz 


Ex- 19 




0 3 

V.J 


0 0/7 4 


o no? 


"i a x in' 4 

J.U ^ 1U 


4 9 X 1 0 20 






250 


1 5 

X.J 


0 094- 


0 OI ft 


7 Q V I A"* 
Z.O ^ IU 
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Ex-^1 


200 


1 5 


0 040 


0 OOfS 


1 Q X 1A* 4 


O A V 1 A M 


50 




950 


1 0 


0 nn9 
u.uuz 


n n^i 


/11V 1 A"* 


3.3 X IU 


A A 

44 


Fv 93 




i n 


U.UU4- 


U.U13 


4.3 x 1U 


A *t 1 A 36 

2.7 X 10 


54 


Fv 94 


9nn 


Z.3 


U.UUo 


A AAC 
U.UU3 


y| A V 1 A J 
4.Z X 10 


2.6 X 10 j 


57 




900 
zuu 


1 ^ 


u.uiz 


A AA1 

U.UU1 


vl 0 V 1 A" 4 

4.o X 10 


O. I V 1 A*^ 

3.1 x 10 


A A 

42 


Py 9fi 


9sn 


1J 


U.UIZ 


U.U3U 


< 1 V 1 A - * 

5.1 10 


2.2 X 10 


56 


tx-z/ 


OCA 

ZjU 


1-0 


0.024 


0.027 


4.4 X 10 


3.4 X 10 


42 




iaa 
200 


1.5 


0.032 


0.013 


4.3 X 10" 4 


3.2 X 10 


45 


Pv OQ 




1.5 


A AvIA 

0.040 


A AAA 

0.009 


4.5 X 10 ! 


/\ w -t j%20 

3.0 X 10 


46 


Ex-30 


200 


1.5 


0.040 


0.021 


4.5 X lO" 


3.1 X 10 20 


45 


Ex-31 


200 


4.0 


0.048 


0.002 


4.5 X 10 u 


2.7 X io 20 


51 


Ex-32 


200 


2.0 


0.060 


0.002 


4.3 X 10* 4 


3.1 X io 20 


47 | 


Ex-33 


250 


3.0 


0.060 


0.017 


5.1 X lo" 1 


2.2 X 10 20 


56 


Ex-34 


250 


1.5 


0.072 


0.004 


4.8 X 1Q A 


3.1 X 10 ? ° 


42 


Ex-35 


250 


1.5 


0.092 


0.008 


5,2 X 10' 4 


2.8 X 1Q*° 


43 


Ex-36 


250 


1.5 


0.101 


0.002 


5.7 X 10" 


2.7 X 10 20 


41 


Ex-37 


250 


1.0 


0.116 


0.001 


5.6 X io* 4 


2.6 X 10 20 


43 



(Ex-Example) 
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Electrical Characteristics 

It is apparent from Table 2 that transparent oxide electrode films based 
on indium oxide which contain titanium at a Ti/In atomic ratio x and tungsten 
at a tungsten/indium atomic ratio y satisfying Equation of 0.019 - 1.90x s y s 
0.034 - 0.28x according to the present invention have a low carrier electron 
concentration of 5.5 x lO^cm" 3 or less, and extremely low electrical resistivity 
of 5.7 x 10"* Qcm or less. The reason that such low electrical resistivity is 
demonstrated despite the fact that the carrier electron concentration is low is 
because as shown in FIG. 2, the carrier electron mobility is extremely high. 

Crystallinitv 

Based on X-ray diffraction measurement, the transparent oxide electrode 
films according to examples 13 through 37 presented similar diffraction 
patterns to that shown in FIG. 1 for example 6, indicating that the films had 
the indium oxide bixbytc structure, which has good crystallinity, and because 
no peaks caused by crystal phases other than the indium oxide phase were 
observed, it was reasoned that the titanium and tungsten had been substituted 
for the indium in the indium oxide, and had formed a solid solution. 
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Light Transmittance 

The light transmission characteristics of the transparent oxide electrode 
film according to example 17 are shown in FIG.3. It is apparent that this film 
had high transmittance not only for the visible light region but also for the 
infrared light region. This trend was common to the transparent oxide 
electrode films according to examples 13 through 16 and examples 18 through 
37, which had very high light transmittance for the infrared light region in 
addition to the visible light region. 

The average light transmittance of the transparent oxide electrode films 
according to examples 13 to 37 for 1000 nm to 1400 nm wavelengths, 
obtained by subtracting the transmittance of the substrate, was found to be 
between 66% and 89%, Accordingly, if such transparent oxide electrode 
films are used as the surface transparent electrode on the light receiving side 
and/or the transparent electrode behind the p-n junction in a solar cell like that 
shown in FIG. 6, for example, solar energy in the infrared light region can be 
converted effectively to electrical energy. 

Comparative Examples 1 to 3 

ITO transparent oxide electrode films were manufactured following the 
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same method as examples 1 through 7, using indium oxide (ITO) sintered 
body targets containing tin (lOwt% SmCh), as arc often used conventionally. 

Evaluation of their characteristics was carried out by the same methods as in 
the examples. The results are shown in Table 3. 



Table 3 





Substrate 
Temperature 
03) 


Oi Content 
of Deposi- 
tion Gas 

(%) 


Film 
Ti/In 
Atomic 
Ratio 


Resistivity 
(Q cm) 


Carrier 
Electron 
Concent- 
ration 
(cm" 3 ) 


Carrier 
Electron 
Mobility 
(cm / 
Vsec) 


CE-1 


300 


1.0 


0.075 


1.3 X 10* 


2.9 X 10 s * 


17 


CE-2 


230 


2.0 


0.075 


1.8 X 10" 


1.1 X I0 ai 


32 


CE-3 


150 


1.0 


0.075 


2.4 X 10^ 


1.2 X 10 31 


22 



(CE = Comparative Example) 



Crystallinitv 

It was apparent based on X-ray diffraction measurement that each of the 
transparent oxide electrode films of comparative examples 1 through 3 had 
good crystallinity. 



Electrical Characteristics 

It is apparent from Table 3 that although the resistivity of the 
conventional ITO films was low at 2.4 x 10"* Qcm or less, the carrier electron 
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concentration was high at 1.1 x 10 Z1 cm' 3 or more. 

Light Transmittance 

The light transmission characteristics of the films according to 
conventional examples 1 through 3 are shown in FIG.4, and a sharp decrease 
in transmittance in the infrared light region for wavelengths above 1000 nm 
can be seen due to the high carrier electron concentration, and therefore if 
such a film is used as the transparent electrode in a solar cell, solar energy in 
the infrared light region cannot be utilized effectively. 

In the case of the transparent electro conductive base materials with the 
ITO film according to Comparative Examples 1 to 3 used in them, as a result 
of examination with the film thickness and substrate material varied in a broad 
range, it was impossible to realize the transparent electro-conductive base 
material wherein the surface resistance is up to 30 Q/D and the average leght 
transmittance in the wave length range from 1000 nm to 1400 nm is at least 
70%. 

Comparative Example 4 

In the same manner, a transparent zinc oxide electrode film containing 
gallium was manufactured by the same methods as examples 1 through 8, with 
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the exceptions that a zinc oxide sintered body target containing 3 atomic % 
gallium as is commonly used conventionally was used, argon gas only was 
used as the deposition gas, and the substrate temperature was set to 150° C. 

Electrical Characteristics 

When this film was evaluated in the same manner as the examples, the 
resistivity was 2.2 x 10"* Qcm, the carrier electron concentration was 1.2 x 
10 21 cm" 3 , and the carrier electron mobility was 23 cm'/Vsec. 

Light Transmittance 

Furthermore, the transmission characteristics of this film are shown in 
FIG. 5, and it is clear based on the diagram that the light transmittance for 
wavelengths in the infrared light region above 1000 nm was markedly low. 

Accordingly, if such a film is used as the transparent electrode on the 
light incident side of a solar cell, solar energy in the infrared light region 
cannot be utilized effectively. 

Examples 38 to 46. Comparative Examples 5 to 7 

Transparent oxide electrode films were manufactured by performing 
sputtering with the substrate temperature set to a low temperature of 150"C, 



42 



using sintered body targets of indium oxide containing titanium, and indium 
oxide containing titanium and tungsten. The films were deposited onto a 
glass substrate under the same sputtering conditions as examples 1 to 12 
except for the substrate temperature, and the characteristics of the resulting 
transparent oxide electrode films were evaluated according to the same 
procedure, the results of which are shown in Table 4. 

Furthermore, as conventional examples 5 to 7, film deposition was 
carried out under the exact same sputtering conditions as examples 38 to 46, 
using a sintered body target of indium oxide containing tungsten but not 
titanium manufactured according to the same steps as in examples 1 through 
12, thereby manufacturing the indium oxide film containing tungsten as 
disclosed in Japanese Patent Application No. 2002-200534. The film was 
deposited onto a glass substrate under the same sputtering conditions as 
examples 1 through 12 with the exception of the substrate temperature, and 
the characteristics of the resulting films were evaluated according to the same 
procedure, the results of which are shown in Table 4. 



43 



Table 4 





buostrate 
Temnprfthirp 

CC) 


02 
of 

Deposition 
Gas (,%) 


Film 

Ti/Tn 
Atnmie 

Ratio 


Film 
w/m 

Ratio 


Resistivity 
\W cm; 


Carrier 
Electron 
Concent- 
ration 
(cm ) 


Cairier 
Electron 
Mobility 
vein / 
Vsec) 


Ex-38 


150 


1.0 


0.019 


— 


3.5 X lo" 4 


2.7 X 10" 1 


66 


Ex-39 


150 


S 1.0 


0.035 


_ 


3.3 X 10"* 


2.9 X 10 20 


65 


Ex-40 


150 


1.0 


0.050 


_ 


3.6 X 10" 4 


3.2 X 10 20 


54 


Ex-41 


150 


1.0 


0.004 


0.019 


3.7 X 10 H 


2.8 X 10 ro 


60 


Ex-42 


150 


1.0 


0.006 


0.024 


3.5 X 10" 


3.0 X 10" 


60 


Ex-43 


150 


1.0 


0.002 


0.030 


4.5 X io u 


3.1 X 10" 


45 


Ex-44 


150 


1.0 


0.020 


0.019 


4.0 X 10" 4 


2.8 X 10" 


56 


Ex-45 


150 


1.0 


0.012 


0.024 


3.8 X 10"* 


2.9 X 10" 


57 


Ex-46 


150 


1.0 


0010 


0.030 


4.1 X 10"* 


2.8 X 10 10 


54 


CE-5 


150 


1.0 




0.019 


5.7 X 16* 


3.6 X 10 M 


30 


CE-6 


150 


1.0 




0.024 


5.3 X 10" 


3.7 X 10 M 


32 


CE-7 


150 


1.0 




0.030 


5.9 X 10' 


3.8 X 10 s 


28 



(Ex = Example, CE = Comparative Example) 



Electrical Characteristics 

It is apparent from FIG. 4 that despite the fact that the indium oxide 
based transparent oxide electrode films containing titanium according to 
examples 38 to 40 of the present invention and the indium oxide based 
transparent oxide electrode films containing titanium and tungsten according to 
examples 41 to 46 had been deposited by sputtering with the substrate 
temperature set to a low temperature of 150 *C, their electrical resistivity was 
low at 4.5 x 10"* C2cm or less. This is because the mobility was high as 
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shown in Table 4. 
Crystallinitv 

Based on X-ray diffraction measurement, the transparent oxide electrode 
films according to examples 38 through 46 presented similar diffraction 
patterns to that shown in FIG. 1 for example 6, indicating that the films had 
the indium oxide bixbyte structure, which has good crystallinity. Furthermore, 
because no peaks caused by crystal phases other than the indium oxide phase 
were observed, it was reasoned that the titanium and tungsten had been 
substituted for the indium in the indium oxide, and had formed a solid 
solution. 

Light Transmittance 

Furthermore, the light transmittance of the film itself was high for the 
infrared light region in addition to the visible light region, and the average 
light transmittance of the film itself for wavelengths between 1000 nm and 
1400 nm was higher than 67%. 

Accordingly, the transparent oxide electrode film of the present 
invention can be manufactured even with the substrate heated to a low 
temperature of 150 "C, and even if such a film is used as the transparent 
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electrode on the light incident side of a solar cell, solar energy in the infrared 
light region can be utilized effectively. 

Furthermore, the electrical characteristics of the indium oxide thin films 
according to comparative examples 5 to 7 which contain tungsten but not 
titanium and are manufactured under the same sputtering conditions as 
examples 31 to 39, are shown in Table 4. 

Although the films obtained in comparative examples 5 to 7 had low 
carrier electron concentration and high transmittance in the infrared light 
region, their resistivity was higher than the films of examples 38 to 46, at 
between 5.3 x 10" 4 Qcm and 5.9 x 10 4 Qcra. This is due to the fact that the 
carrier electron mobility between 28 cmWsec and 32 cm 3 /Vsec, is low in 
comparison with the films of examples 38 to 46. As a result of evaluating the 
crystallinity of the films based on X-ray diffraction measurement and 
observation of the film structure using a scanning electron microscope, it was 
found that because the grain size of the films in examples 38 to 46 is large 
and the half width of the X-ray diffraction peak is small in comparison with 
the films according to comparative examples 5 to 7, these films have superior 
crystallinity to the films according to comparative examples 5 to 7 which are 
doped only with tungsten. It is assumed that the high carrier electron 
mobility seen in the films according to examples 38 to 46 is due to their 
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superior crystallinity. Accordingly, both the indium oxide thin film 
containing titanium and the indium oxide thin film containing tungsten and 
titanium of the present invention have lower resistance and higher 
transmittance of visible light and infrared light than conventional indium oxide 
thin films containing tungsten, even when deposited at a low substrate 
temperature of 150°C In the manufacture of transparent oxide electrode 
films by sputtering, because a shortening of the heating time and a reduction 
in the electric power used to heat the substrate can be realized by using lower 
substrate temperatures, manufacturing costs can be reduced, and productivity 
can be increased. Accordingly, these materials are extremely useful 
industrially. 

When a film was manufactured under the same manufacturing 
conditions as examples 38 to 46 and comparative examples 5 to 7, except 
that the substrate temperature was set to 100°C, and a comparison was made 
of the electrical characteristics and crystallinity, the same tendency was 
observed. This showed that even at a low substrate temperature such as 
100°C 7 the present invention allows a film with low resistance and high carrier 
electron mobility and with good light transmittance for both the visible region 
and the infrared light region to be obtained. 

Because the transparent oxide electrode film according to examples 1 to 



47 



46 of the present invention allows both visible light and infrared light to pass, 
using these films as the surface transparent electrode on the light receiving 
side and/or the transparent electrode behind the p-n junction in a solar cell like 
that shown in FIG. 6, for example, enables solar energy over a wide 
wavelength range to be converted effectively to electrical energy. 

Comparative Example 8 

Using a target prepared under the same manufacturing conditions as 
example 1, a transparent oxide electrode film with a titanium/indium atomic 
ratio of 0.130 was obtained under the same conditions as example 1. As a 
result, this film showed resistivity of between 6.5 x 10" 4 Qcm and 7.5 x 10"* 
Qcm, and as such a film with resistivity of 5.7 x 10" 4 Qcm or less was not 
realized. 

Comparative Example 9 

Using a target prepared under the same manufacturing conditions as 
example 1, a transparent oxide electrode film with a titanium/indium atomic 
ratio of 0.002 was obtained under the same conditions as example 1. As a 
result, this film showed resistivity of between 6.0 x 10" 4 Qcm and 1.2 x 10' 3 
Qcm, and as such a film with resistivity of 5.7 x 10"" Qcm or less was not 
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realized. 

Comparative Examples 10 to 13 

As comparative examples 10 to 13, films were deposited under different 
sputtering conditions from examples 38 to 46, using an indium oxide sintered 
body target containing titanium manufactured according to the same steps as 
in examples 1 to 12. In comparative example 10, with the substrate 
temperature set to room temperature, and the oxygen content of the deposition 
gas at 1%, a film was deposited using an indium oxide sintered body target 
containing titanium. Furthermore, in Comparative example 11, with the 
substrate temperature set to 60°C, and the oxygen content of the deposition 
gas at 1%, a film was deposited using an indium oxide sintered body target 
containing titanium. In addition, in comparative example 12, with the 
substrate temperature set to 200°C, and the oxygen content of the deposition 
gas at 0%, a film was deposited using an indium oxide sintered body target 
containing titanium. In comparative example 13, with the substrate 
temperature set to 200°C, and the oxygen content of the deposition gas at 
0.1%, a film was deposited using an indium oxide sintered body target 
containing titanium. The films which were deposited onto glass substrates 
were evaluated using the same evaluation methods as above, and the results 
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are shown in Table 5. 
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Substrate 


Oz Content 


Him 


Resistivity 


Carrier 


Carrier 




Temperature 


of Deposi- 


Ti/In 


(Q cm) 


Electron 


Electron 




<X) 


tion Gas 


Atomic 




Concent- 


Mobility 






(%) 


Ratio 




ration 


(cm 2 / 












(cm' 3 ) 


Vsec) 


CE-10 


Room Temp. 


1.0 


0.015 


1.5 X 10 3 


2.6 X 10 2U 


16 


CE-11 


60 


1.0 


0.015 


8.0 X 10" 4 


5.8 X 10 :o 




CE-12 


200 


0 


0.050 


8.2 X 10" 


7.2 X 10 M 


11 


CE-13 


200 


0.1 


0.050 


6.2 X 10' 4 


1.1 X io w 


9 



(CE = Comparative Example) 



Although the composition of the films according to comparative 
examples 10 and 11 is that of indium oxide containing titanium, these films 
were manufactured with the substrate temperature during deposition set to a 
lower value than that specified in the present invention (at least 100°C) . As 
shown in Tabic 5, the resistivity of these films is markedly higher in 
comparison with the films of the present invention, and as such they are not 
suitable for use as the transparent electrode in a solar cell. It can be 
suggested based on Table 5 that the reason for this high resistivity is that both 
the carrier electron concentration and carrier electron mobility are low in 
comparison with the films of the present invention. As a result of observing 
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the structure of the films using X-ray diffraction measurement, a transmission 
electron microscopy and electron diffraction analysis, it was apparent that the 
films according to comparative examples 10 and 11 contain an amorphous 
phase, and the carrier electron mobility was low as a result of the low 
crystallinity. 

Similar tests were conducted with the substrate made of polyethylene 
terephthalate film, and substantially the same results were obtained. 

Although the composition of the films according to comparative 
examples 12 and 13 is that of indium oxide containing titanium, these films 
were manufactured under conditions in which the oxygen content of the 
sputtering gas during sputtering deposition was lower than the ratio specified 
in the present invention (at least 0.25%). As shown in Table 5, the 
resistivity of these films was high in comparison with the films of the present 
invention. Although the carrier electron concentration of these films was high, 
the carrier electron mobility was extremely low. Because the carrier electron 
concentration was high, the infrared ray transmittance is as low as that of ITO 
films. Accordingly, these films are not suitable for use as the transparent 
electrode in a solar cell. It is assumed that due to the low oxygen 
concentration of the sputtering gas, these films have high instances of oxygen 
deprivation, causing the production of a high concentration of carrier electrons. 
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Based on these facts, it can be said that crucial to the transparent oxide 
electrode film of the present invention is not only that the indium oxide 
contains titanium, but also the substrate temperature during the deposition 
process and the oxygen content of the sputtering gas. 

Manufacturing a Solar Cell 
Example 47 

An example of the present invention is described below with reference 
to the drawings. FIG. 7 is a simplified cross sectional view showing a first 
example of the present invention. An oxide electrode transparent film 11 
according to example 5 with a thickness of approximately 500 nm was formed 
on a glass substrate 12 by a DC magnetron sputtering method under the same 
deposition conditions as example 5. A ZnO thin film with a thickness of 
approximately 150 nm as a window layer 10 was then formed thereon by a 
DC magnetron sputtering method, using a ZnO target, and using argon gas as 
the sputtering gas. In order to form a hetero p-n junction thereon, a CdS thin 
film with a thickness of approximately 50 nm as a semiconductor middle layer 
9 was formed by means of a solution precipitation method using a mixed 
solution of Cdl 3 , NHtCL, NIL and thiourea. A CuInSei thin film with a 
thickness of between 2 p.m and 3 \im as a p-type semiconductor light 
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absorbing layer 8 was then formed thereon using a vacuum deposition method. 
An Au film as rearside electrode 7 with a thickness of approximately 1 \im 
was then formed thereon using a vacuum deposition method. As a result of 
irradiating light at 1.5 AM (100 mW/cm 2 ) onto these solar cells from the 
transparent oxide electrode film side thereof and investigating their 
characteristics, the conversion efficiency was found to be 12%. 

Example 48 

A solar cell with the construction shown in FIG. 7 was manufactured 
following the same steps and using the same methods as example 47, with the 
exception that the film according to example 15 was used. As a result of 
examining the characteristics of the solar cell with respect to irradiated light at 
1.5 AM (100 mW/cm 2 ) under the same conditions and using the same 
methods as example 47, the conversion efficiency was found to be 13%. 

Example 49 

In example 47 and example 48, an example was used in which the 
characteristics of solar cells were examined using the films of example 5 and 
example 15, but solar cells manufactured using any film from examples 1 
through 46 had similarly high conversion efficiencies, at greater than 11%. 
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Comparative Example 14 

A solar cell with the construction shown in FIG. 7 was manufactured 
following the same steps and using the same methods as in example 47, with 
the exception that the ITO film according to comparative example 2 was used, 
and upon examining the characteristics of this solar cell under the same 
conditions, it was found that the conversion rate was 5%, which is extremely 
low in comparison with the solar cells according to examples 47 to 49 of the 
present invention. Furthermore, when the characteristics were examined in 
the same manner using an ITO film having the same composition as 
comparative example 2 manufactured while varying the oxygen content of the 
sputtering gas during deposition between 0% and 10%, the conversion 
efficiency was found to be less than 6%. 

Comparative Example IS 

A solar cell with the construction shown in FIG. 7 was manufactured 
following the same steps and using the same methods as in example 47, with 
the exception that the gallium doped zinc oxide film according to comparative 
example 4 was used as the transparent oxide electrode film, and upon 
examining the characteristics of the solar cell under the same conditions, the 
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conversion rate was found to be 7%, which is lower than that of the solar cells 
according to examples 47 to 49 of the present invention. Furthermore, when 
the characteristics were examined in the same manner using a gallium doped 
zinc oxide film having the same composition as comparative example 4 
manufactured while varying the oxygen content of the sputtering gas during 
deposition between 0% and 10%, the conversion efficiency was found to be 
less than 7%, and as such a film with higher conversion efficiency than the 
examples 47 to 49 of the present invention could not be obtained. 

Example 50 

A solar cell with the construction shown in FIG. 8 which is an example 
of the present invention was manufactured in the following manner. An Mo 
electrode with a thickness of 1 to 2 um was manufactured on a glass substrate 
12 using a DC magnetron sputtering method as a bottom electrode 13. 
Subsequently, a CuInSe* thin film with a thickness of 2 to 3 [im was formed 
in a predetermined region by a vacuum deposition method as a p-type 
semiconductor light absorbing layer 8. In order to form a hetero p-n junction 
thereon, a CdS thin film with a thickness of approximately 50 nm was formed 
by means of a solution precipitation method using a mixed solution of CdL, 
NKiCL, NH» and thiourea, as a semiconductor middle layer 9. A ZnO thin 
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film with a thickness of approximately 150 nm and approximately the same 
conductivity as the CdS thin film was then formed thereon by means of a DC 
magnetron sputtering method using a ZnO target and Ar as the sputtering gas, 
as a window layer 10. In addition, the indium oxide based transparent oxide 
electrode film 11 containing titanium according to example 39 was formed 
with a thickness of approximately 500 nm under the same conditions as 
example 39, using the same DC magnetron sputtering method- As a result of 
irradiating light at 1.5 AM (lOO raW/cm 2 ) onto the glass substrate film side 
of this solar cell and examining its characteristics, the conversion efficiency 
was found to be 13%. 

Example 51 

A solar cell with the construction shown in FIG, 8 was manufactured 
following the same steps and using the same methods as in example 50, with 
the exception that the indium oxide based transparent oxide electrode film 
containing titanium and tungsten according to example 42 was used as the 
transparent oxide electrode film, and as a result of examining its 
characteristics under the same conditions, the conversion efficiency was found 
to be 12%. 
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Example 52 

In example 50 and example 51, an example was used in which the 
characteristics of solar cells with the construction shown in Fig. 8 were 
examined using the films of example 39 and example 42, but solar cells 
manufactured using any film from examples 38 through 46 had similarly high 
conversion efficiencies, at greater than 11%. 

Comparative Example 16 

A solar cell with the construction shown in FIG. 8 was manufactured 
following the same steps and using the same methods as in example 50, with 
the exception that the ITO film according to comparative example 3 was used, 
and upon examining the characteristics of this solar cell under the same 
conditions, it was found that the conversion rate was 6%, which is extremely 
low in comparison with the solar cells according to examples 50 to 52 of the 
present invention. Furthermore, when the characteristics were examined in 
the same manner using an ITO film having the same composition as 
comparative example 3 manufactured while varying the oxygen content of the 
sputtering gas during deposition between 0% and 10%, the conversion 
efficiency was found to be less than 6%. 



57 



Comparative Example 17 

A solar cell with the construction shown in FIG. 8 was manufactured 
following the same steps and using the same methods as in example 50, with 
the exception that the gallium doped zinc oxide film according to comparative 
example 4 was used as the transparent oxide electrode film, and upon 
examining the characteristics of the solar cell under the same conditions, the 
conversion rate was found to be 8%, which is lower than that of the solar cells 
according to examples 50 to 52 of the present invention. Furthermore, when 
the characteristics were examined in the same manner using a gallium doped 
zinc oxide film having the same composition as comparative example 4 with 
the oxygen content of the sputtering gas during deposition varied between 0% 
and 10%. the conversion efficiency was found to be less than 7%, and as such 
a film with higher conversion efficiency than the examples 50 to 52 of the 
present invention could not be obtained. 

In examples 47 through 52, examples of solar cells using CuInSe* thin 
films as the light absorbing layer were used, but the results are the same if 
CuInSz, CuGaSe^, Cu(ln, Ga)Sc 2 and CdTe thin films are used as the light 
absorbing layer, and it was found that using the transparent oxide electrode 
film of the present invention enables the manufacture of a solar cell with a 
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conversion efficiency clearly higher than if a conventional transparent oxide 
electrode film were used. 

As described above, the characteristics of the solar cells obtained 
according to the present invention arc fax superior to the characteristics of the 
solar cells obtained according to a conventional structure. This is thought to 
be because the high transmittance for both visible light and infrared light of 
the transparent oxide electrode film of the present invention allows solar 
energy to be converted to electrical energy highly effectively. 

Manufacturing a Photo Detection Element 
Example 53 and Comparative Example 18 

The example of manufacturing a photo detection element with using Eu 
and Sm doped CaS materials as photo detection materials is described 
hereinafter. Fig. 9 is a simplified cross sectional view showing a structure of 
the photo detection element according to the example 53 of the present 
invention. A titanium doped indium oxide thin film or a titanium and 
tungsten doped indium oxide thin film 15 according to example 5 with a 
thickness of approximately 200 nm as a transparent electrode on the light 
incident side was formed on a glass substrate 14 by a sputtering method. A 
photo detection materials layer 16 of Eu and Sm doped CaS with a thickness 
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of approximately 1 fim was then formed thereon using a sintered body pellet 
of CaS with 200 ppm of EuzOs and SrmCh added to it, by an electron beam 
vapour deposition method and with the substrate heated to 500^. An 
aluminum film 17 as a rear electrode was then formed on the photo detection 
material layer by a sputtering method. 

Moreover, as comparative example 18, a photo detection element was 
manufactured following the same steps, the same conditions, the same size 
and using the same method as in example 53, with the exception that the ITO 
film according to comparative examples 1 to 3 with a thickness of 200 nm 
was formed for the electrode on the light incident side. 

As a result of irradiating infrared light with a constant wavelength and a 
constant intensity onto these photo detection elements and measuring and 
comparing their change of electric capacity between the transparent electrode 
and the rear electrode, the change of electric capacity of the photo detection 
element according to example 53 is larger than the change of electric capacity 
of the photo detection element according to comparative example 18, and it 
was found that the sensitivity to the infrared ray of the photo detection 
element according to the present invention is excellent. 

As described above, it was confirmed that the characteristics of the 
photo detection clement obtained according to the present invention were far 
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superior to the characteristics of the photo detection element using a 
conventional ITO film. This is thought to be because the high transmittance 
for not only visible light but also infrared light of the transparent oxide 
electrode film of the present invention allows solar energy to be converted to 
electrical energy highly effectively. While the example 53 used the 
transparent oxide electrode film according to example 5, the same result could 
be obtained in case of using the transparent oxide electrode film according to 
examples from 1 to 4 and from 6 to 37. In other words, the transparent oxide 
electrode film of the present invention has the high transmittance for not only 
infrared light but also visible light so that a photo detection element for 
visible light can be realized when the transparent oxide electrode film of the 
present invention applies to a photo detection element for visible light. 
Moreover, in case of the photo detection element using an avalanche 
photodiode or a photodiode as the layer of photo detection materials, the 
sensitivity to the infrared light can be also improved with using the 
transparent oxide electrode film of the present invention as an electrode on the 
incident side infrared light carries out. 

As described in detail above, according to the present invention, it is 
possible to provide a transparent oxide electrode film which has excellent 
transmittance for both the visible light region and the infrared light region, and 
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also has low resistivity. Furthermore, because the transparent oxide electrode 
film of the present invention can be manufactured by sputtering deposition at 
low substrate temperatures of 100 to 150°C, manufacturing costs can be 
reduced and productivity can be increased, and this invention is therefore 
extremely useful industrially. By using the transparent oxide electrode film of 
the present invention as the transparent electrode on the light incident side of 
a variety of solar cells, it is possible to make highly efficient use of solar 
energy in the infrared light region, which was not possible conventionally. 

Furthermore, the photo detection element using the transparent oxide 
electrode film of the present invention as an electrode on the light incident 
side can detect weaker infrared light and has the high sensitivity in 
comparison with the photo detection element for infrared light having the 
same structure and using a conventional ITO film so that it is therefore 
possible to provide a photo detection element extremely useful in the field of 
the optical communication in particular. 
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